in the slab-derived flux. Negative of the volcanic arc are still unknown, but isotopic and Ce anomalies are attributed to a minor sedimentary component. elemental differences between the rocks are systematic Across-arc geochemical profiles record a decrease in the degree of as depths to the Wadati-Benioff zone increase. We believe partial melting and diminishing influence of a slab-derived fluid that these differences provide unparalleled insights into with depth, superimposed upon the depleted mantle composition the geochemical architecture of subduction-zone systems. beneath the volcanic front. Element partitioning into (and not (2) Rocks of the New Britain volcanic front are low in necessarily the source of) the fluid is considered to exert strong control potassium, range from basalt to rhyolite, and have (as on the chemistry of volcanic front magmas, a feature that may go illustrated below) exceptional depletions in high field some way to explaining the contradictory estimates of the slab flux strength elements (HFSE). Indeed, they may represent derived from isotope vs trace element data in many subduction suites. the most HFSE-depleted arc rocks known. These rocks therefore should provide valuable constraints on the controls of HFSE abundances in island-arc magmas. The depletions also mean that the nature of any slab-derived components should be faithfully recorded in critically selected trace-element ratios.
(2) Samples from the Manus back-arc basin were anaRocks of the New Britain volcanic front were cited lysed also, to determine the possible end-member comby Jakes & Gill (1970) as typical of those of the soposition of mantle-wedge material that may have been called Island Arc Tholeiite Series. Magma genesis in unaffected by a slab contribution (normal MORB has New Britain has been considered in several previous been dredged from the basin). studies (e.g. Lowder & Carmichael, 1970; Blake & (3) A suite of samples from the Sulu Range volcanic Ewart, 1974; Johnson, 1977; DePaolo & Johnson, 1979;  cluster in the New Britain volcanic front was analysed Basaltic Volcanism Study Project, 1981) . Woodhead & using the same methods as in (1) and (2). Sulu Range Johnson (1993) more recently provided a detailed was chosen because its least fractionated basalts were assessment of isotopic and trace-element profiles across known from X-ray fluorescence analyses ( Johnson & the arc, and proposed a model for the across-arc Chappell, 1979) to be exceptionally depleted in differences. Additional U-Th and Be-B constraints HFSE. were provided by Gill et al. (1993) .
We use these new data to consider further the origin The study reported here represents an extension of the of the New Britain magmas in relation to the results work undertaken by Woodhead & Johnson (1993) . We of other recent work on island arc magmas. Several report for the first time ICP-MS (inductively coupled contemporary issues are addressed, but discussion is plasma mass spectrometry) trace element and Sr/Nd/ concentrated on elemental depletion in the mantle Pb-isotope analyses of rocks from the full New Britain wedge (particularly in HFSE) and the nature of the and Manus Basin arc-trench system, thus complementing 'subduction signature' as seen most clearly in the and extending substantially the previously reported data depleted volcanic front rocks. We conclude with some sets:
commentary on more general aspects of arc geo-(1) Samples of sediments and basalts from the subchemistry, including the across-arc differences in rock ducting Solomon plate were analysed to identify possible chemical components from the downgoing slab.
composition.
system along the so-called Vitiaz-West Melanesian
Geological setting and samples studied trench ( Fig. 1 ). Herein we are concerned only with New Britain lies at the margin of the Bismarck and the Quaternary volcanic centres along the north-central Solomon plates (Fig. 1) . The morphology, geology and coast of New Britain and with the Witu Islands out structure of the western Solomon Sea were investigated in the Bismarck Sea (Fig. 2) , which are both a product by the R.V. Natsushima in 1983 and 1984. The age of of present-day subduction dynamics, but the question the oceanic basement is constrained by magnetic of responses to the earlier subduction episode remains lineation ( Joshima et al., 1987) and heat flow ( Joshima an important theme. & Honza, 1987) data to between 28 and 34 Ma, and Following earlier studies (e.g. Johnson, 1977 ; Woodestimates of the rate of convergence with the overriding head the Quaternary volcanic centres Bismarck plate are in the range 9-12 cm/yr (Basaltic of New Britain have been subdivided into a number of Volcanism Study Project, 1981) . Samples from the Solomon Sea were collected during the Natsushima trench-parallel zones each overlying successively deeper cruise using dredges and a free-fall grab only, and parts of the Wadati-Benioff zone. Zone E runs along hence it is uncertain to what extent the recovered the central north coast of New Britain and, with the material is representative of that present at depth. The immediately adjacent Zone F, represents the volcanic only large collection of volcanic rocks was recovered front of the Quaternary arc. Zone G (subdivided into from Station 29, a scarp of unknown origin in the north and south sectors) comprises the remarkable Wilcentre of the basin. Most of the basalts and sediments laumez Peninsula, a 60 km long chain of volcanoes used in this study come from this site, with additional running perpendicular to the main volcanic front, and sediments from Site 33, slightly to the west. Chemically Zone H (again subdivided into north and south sectors) the Station 29 basalts are ferrobasalts comparable with incorporates volcanoes of the Witu Islands. Nowhere else evolved MORB from the East Pacific Rise (Davies & on Earth do we see such a perfect record of volcanism Price, 1987) . Sediments are predominantly poorly perpendicular to the trench axis, with Quaternary volindurated mudrocks which are unlikely to be older canoes which overlie the Wadati-Benioff zone at depths than Pliocene, but which Crook (1987) considered to of up to 580 km. The origin of this unique feature is be representative of the hemipelagic deposits covering unclear but Davies et al. (1987) have speculated that a the oceanic basement.
marked flexure in the downgoing Solomon Sea plate, The Manus Basin is a fast-opening back-arc basin which is visible in seismic profiles, may be responsible behind the New Britain volcanic front (Taylor, 1979) . It for uplift in central New Britain and the development of straddles part of the Pacific-Bismarck plate boundary volcanoes along a linear north-south trend. Alternatively, where plate motion takes place along three major left-it is possible that the extreme rate of plate convergence lateral transform faults and a range of different ex-seen at New Britain results in some disturbance of the tensional segments (Martinez & Taylor, 1996) . Two normal dynamics of slab dehydration and mantle melting, linked spreading axes in the basin are (1) an extensional allowing limited melt development at a greater than transform zone in the west and (2) the Manus spreading normal depth. centre (MSC) in the east. The MSC is a wedge of The New Britain sample suite explored originally by new seafloor crust that is about 72 km wide in the the Basaltic Volcanism Study Project (1981) and later by southwest-where spreading rates are 92 mm/yr-but Woodhead & Johnson (1993) has been augmented by a which narrows to a point at its northwestern tip (zero suite of a dozen rocks from the Sulu Range-a small spreading rates). A rotating microplate has been identified area in central New Britain (zone E)-and one lava from also (Martinez & Taylor, 1996) . This overall tectonic Likuaranga (also zone E). These samples were chosen complexity in the back-arc area is matched by an exfor two reasons: ceptional diversity of magma types, ranging from normal (1) Existing data (in particular Zr contents) for the mid-ocean ridge type basalt (MORB) to arc-type comSulu Range and Likuruanga samples indicated that they positions (Sinton et al., in preparation) .
were exceptionally depleted in HFSE; The island of New Britain has itself experienced a (2) The Sulu Range shows a complete differentiation protracted geological history. The main body of the sequence from basalt to rhyolite (20% range in SiO 2 , 8% island is composed of Eocene and late Oligocene range in MgO) and thus offers an ideal location in which volcanic rocks, intruded by dioritic plutons, and overlain to test whether any of the trace element characteristics in part by extensive Miocene limestone and late of the New Britain suite are related to magmatic differTertiary volcanics. Thus much of the igneous activity entiation processes. recorded on New Britain may pre-date the current Sample locations are provided in Table 1 , cornorthward subduction of the Solomon plate, instead being related to an older (now inactive) subduction responding to the sites marked in Fig. 2 . VOLUME 39 NUMBER 9 SEPTEMBER 1998
Fig. 2.
Sample locations of arc rocks used in this study (see also Table 1 ). (1997) . We have adopted a method of drift correction nNd-1 (the ANU 'in-house' Nd standard) provided mean using internal standards added to each sample solution.
Isotopic analyses ANALYTICAL METHODS
values (36·700). Samples were split for spiking immediately (1993) is then applied off-line to remove any residual before filament loading and mass spectrometry, thus mass response variation. Reproducibility is generally betavoiding any potential problem related to variable blank ter than 2% and analytical accuracy is always within 5% composition in spiked and unspiked aliquots. This techfor elements of mass > 77 Se in the common US Geological nique provides consistently high-quality data with imSurvey standards, and better than 5% precision with accuracy within 10% for elements of lower mass. provement in both precision and accuracy over 51·20  53·00  53·06  53·10  53·20  53·76  54·80  55·00  55·10  TiO 2  0·48  0·29  0·37  0·30  0·33  0·42  0·61  0·38  0·43  Al 2 O 3  15·70  14·83  16·64  14·70  15·70  18·67  18·90  15·70  17·20  Fe 2 O 3  2·50  9·36  8·06  1·91  1·95  8·13  2·25  1·94  2·20  FeO  6·20  6·90  6·60  6·90  6·45  6·50  MnO  0·17  0·15  0·14  0·16  0·17  0·15  0·16  0·16  0·16  MgO  9·95  9·75  7·72  9·20  8·35  5·70  3·00  7·05  5·15  CaO  11·20  11·51  11·10  10·90  10·70  9·34  9·70  10·00  9·85  Na 2 O  1·53  1·74  2·18  1·58  1·79  2·37  2·65  2·10  2·30  K 2 O  0·21  0·22  0·35  0·28  0·20  0·30  0·28  0·36  0·46  P 2 O 5  0·04  0·04  0·06  0·03  0·04  0·06  0·05  0·06  0·05  H 2 O   +   0·48  0·30  0·49  0·38  0·38  0·58  H 2 O   -0·27  0·22  0·24  0·07  0·19  0·14  CO 2  0·05  0·04  0·10  0·28  0·10  0·07  rest  0·18  0·14  0·14  0·13  0·14  0·12  Total  100·11  100·89  99·68  99·76  100·00  98·90  100·16  100·01  100·31   Li  4·6  4·0  5·0  4·1  4·4  5·5  6·6  5·5  5·4  Be  0·18  0·21  0·31  0·20  0·24  0·36  0·36  0·36  0·36  Sc  40  41  34  42  38  31  36  37  35  V  230  213  185  191  216  201  264  238  233  Cr  384  400  278  354  248  67  19  218  19  Co  36  46  34  46  41  29  25  34  34  Ni  113  71  101  87  28  9  44  20  Cu  75  86  80  81  86  35  107  95  105  Zn  55  47  48  51  46  48  60  49  48  Ga  11  11  13  11  12  14  16  13  14  Rb  2·4  3·1  4·9  2·5  1·9  4·6  5·3  6·2  6·6  Sr  244  163  213  162  178  196  250  225  217  Y  9  7  1 2  7  8  1 3  1 3  1 1  1 2  Zr  12  14  30  14  16  36  27  32  34  Nb  0·158  0·145  0·242  0·142  0·167  0·317  0·333  0·302  0·329  Mo  0·49  0·47  0·73  0·33  0·41  0·81  0·78  0·66  0·68  Sn  0·18  0·19  0·33  0·40  0·23  0·43  0·41  0·30  0·35  Sb  0·05  0·07  0·05  0·08  0·06  0·10  0·11  0·07  0·08  Cs  0·11  0·15  0·21  0·08  0·08  0·25  0·25  0·22  0·16  Ba  71  36  57  34  39  48  44  75  86  La  0·83  0·65  1·45  0·64  0·75  1·52  1·30  1·67  1·64  Ce  1·82  1·79  3·97  1·75  2·06  4·32  3·60  4·19  4·23  Pr  0·32  0·31  0·69  0·30  0·36  0·76  0·62  0·69  0·70  Nd  1·76  1·72  3·67  1·65  1·94  3·96  3·42  3·58  3·61  Sm  0·65  0·64  1·22  0·62  0·71  1·34  1·25  1·18  1·22  Eu  0·28  0·29  0·50  0·28  0·33  0·54  0·54  0·45  0·48  Tb  0·19  0·17  0·28  0·16  0·18  0·31  0·31  0·27  0·29  Gd  0·98  0·92  1·57  0·89  1·00  1·76  1·69  1·53  1·60  Dy  1·28  1·13  1·83  1·08  1·23  2·04  2·06  1·82  1·94  Ho  0·30  0·26  0·41  0·25  0·28  0·46  0·47  0·41  0·44  Er  0·92  0·78  1·22  0·75  0·84  1·37  1·39  1·18  1·30  Yb  0·93  0·79  1·19  0·75  0·83  1·35  1·36  1·19  1·29  Lu  0·15  0·12  0·18  0·12  0·13  0·21  0·21  0·18  0·20  Hf  0·39  0·42  0·83  0·42  0·47  0·97  0·78  0·89  0·95  Ta  0·010  0·011  0·016  0·011  0·012  0·022  0·024  0·021  0·025  Pb  1·36  1·11  1·41  1·37  1·11  1·50  1·56  1·77  1·78  Th  0·08  0·07  0·14  0·07  0·07  0·12  0·10  0·18  0·21  U  0·06  0·07  0·12  0·07  0·07  0·10  0·10  0·15  0·17 Ta  0·025  0·029  0·056  0·067  0·024  0·022  0·026  0·033  0·054  0·031  Pb  1·53  2·89  4·27  55·93  2·63  1·86  1·50  2·36  4·47  2·52  Th  0·12  0·25  0·55  0·66  0·10  0·19  0·18  0·42  0·96  0·43  U  0·12  0·20  0·49  0·58  0·10  0·12  0·16  0·24  0·54  0·19 1·950  2·462  4·441  5·480  3·501  3·217  4·015  1·748  2·084  Mo  0·11  0·46  0·69  0·53  0·71  0·32  0·60  0·54  0·18  0·31  Sn  0·43  0·70  0·78  1·21  1·27  0·89  1·08  1·16  0·85  0·86  Sb  0·02  0·05  0·07  0·05  0·05  0·03  0·05  0·02  0·02  0·02  Cs  0·02  0·21  0·28  0·16  0·13  0·05  0·25  0·25  0·06  0·17  Ba  34  80  113  68  84  34  96  138  66  91  La  1·48  5·18  7·68  5·64  6·60  3·92  6·45  29·71  18·46  22·42  Ce  3·86  12·30  17·10  14·50  17·09  10·43  15·27  64·77  39·98  48·95  Pr  0·68  1·89  2·45  2·34  2·72  1·70  2·31  8·93  5·50  6·67  Nd  3·61  8·92  10·89  11·65  13·39  8·44  10·79  37·21  23·01  27·49  Sm  1·28  2·48  2·80  3·69  4·21  2·65  3·08  8·12  4·76  5·71  Eu  0·52  0·89  0·89  1·28  1·48  0·98  1·06  2·44  1·46  1·74  Tb  0·33  0·50  0·53  0·83  0·96  0·59  0·62  1·20  0·64  0·76  Gd  1·79  2·99  3·19  4·78  5·46  3·44  3·67  7·87  4·29  5·23  Dy  2·20  3·18  3·35  5·37  6·27  3·75  3·89  7·03  3·66  4·44  Ho  0·50  0·72  0·76  1·20  1·42  0·83  0·88  1·52  0·76  0·93  Er  1·48  2·09  2·23  3·47  4·12  2·37  2·49  4·29  2·11  2·58  Yb  1·40  1·99  2·16  3·22  3·91  2·12  2·33  3·95  1·94  2·36  Lu  0·21  0·31  0·33  0·49  0·61  0·32  0·35  0·60  0·29  0·36  Hf  0·61  1·34  1·93  2·55  3·46  1·74  1·82  2·85  1·58  1·88  Ta  0·021  0·122  0·161  0·274  0·342  0·215  0·193  0·225  0·103  0·120  Pb  0·90  2·06  2·57  1·84  1·61  0·84  2·38  3·22  2·75  1·90  Th  0·14  0·53  1·20  0·61  0·76  0·33  0·76  2·66  1·51  1·95  U  0·08  0·26  0·56  0·27  0·34  0·11  0·37  0·80  0·34  0·45 Woodhead & Hergt, 1997) . In ideal circumstances, the method produces relative uncertainties on individual appear to be modified by magmatic differentiation are the overall abundances of elements and relative abundanalyses of the order of 0·0001 (i.e. 0.01%), though analytical reproducibility is somewhat larger and de-ances of some of the more compatible elements, e.g. P,
Zr and Hf, and Ti, representing, respectively, fracpendent upon the geological matrix in question (Powell et al., 1998) .
tionation of late-stage apatite, zircon and titanomagnetite in highly evolved rhyolitic magmas. We can therefore assume with a degree of confidence that the features we see in the incompatible trace element and isotopic
RESULTS
signatures of New Britain lavas are indeed a valid reflection of source phenomena. Some of the isotopic data used in this study were presented previously by Woodhead & Johnson (1993) . These have now been supplemented with additional isotopic analyses and the older (spark source mass spectrometry) trace
MANTLE DOMAINS
element data presented by these authors superseded by full ICP-MS analyses. For the purpose of clarity, complete Numerous studies have suggested a major role for slabderived elements in arc petrogenesis-we return to these data sets combining aspects of the previous work with our new analyses are presented in Tables 1 (New Britain considerations in a later section. However, it is becoming clear that a factor of equal importance is the nature of arc) and 2 (sediments and basalts of the Solomon plate, and Manus Basin MORB). Readers are referred to Sinton the mantle wedge before additions from the subducting slab. et al. (in preparation) for a full listing and interpretation of the Manus Basin data. Klein et al. (1988) first observed a boundary between two different mantle domains reflected in the isotopic To define the likely composition of the local mantle wedge we have used analyses of MORB-type material compositions of basalts from the Southeast Indian Ridge-at the so-called Australian-Antarctic disfrom the Manus Basin. Dredging on the Manus Basin spreading centre has produced lavas of variable com-cordance-one with affinity to Indian Ocean and another to Pacific MORB type asthenosphere. Subsequent studies position ranging from true MORB to rocks of arc-like affinity (Sinton et al., in preparation) . However, melts of have greatly enhanced our knowledge of this interface.
Hergt & Hawkesworth (1994) detailed compelling eviarc-like character appear to be restricted to the eastern part of the basin and probably represent rifted fragments dence for the same two components in volcanic rocks of the Lau Basin, and Hickey-Vargas et al. (1995) have from the old Vitiaz arc system. It is therefore reasonable to assume that the MORB-like melts from the basin are suggested that Indian type asthenosphere may also be present beneath most (if not all) of the marginal basins most representative of the local mantle source present beneath New Britain. Sediments and basalts have been of the western Pacific. As noted by Hergt & Hawkesworth (1994) , the regional distribution of these magma types recovered from the Solomon Sea by the R.V. Natsushima and we use analyses of these samples to document the may allow reconstruction of mantle dynamics in the west Pacific over the past 40 my and thus it has now become likely composition of the oceanic crust subducting beneath New Britain.
important to assess the nature of the sources to the western Pacific arcs. Crawford et al. (1995) have found Before attempting to evaluate the role of mantle sources and phenomena in the genesis and evolution of magma both types of mantle represented in the Vanuatu arc, and Hergt & Hawkesworth (1994) recognized a temporal types within New Britain, it is necessary to eliminate possible effects at crustal levels, namely magmatic differ-transition from Pacific to Indian MORB-type mantle in the Tofua arc, which they related to mantle advection entiation and concomitant assimilation. To this effect we plot in Fig. 3 trace element data for representative samples induced by back-arc opening. Pb values associated most of the key geochemical features of the New Britain suite-namely extreme HFSE depletion and enrichments with Indian MORB-type asthenosphere. Although it is not clear from this figure whether the New Britain in large ion lithophile elements (LILE) and U-are largely unrelated to late-stage magmatic differentiation processes. arc front lavas are tapping an Indian or Pacific MORB source, the trend towards Indian MORB compositions Inset figures indicate that ratios such as Ba/La, Ce/Pb and Th/U, which are used in later discussion, remain in the New Britain rear-arc volcanoes (zones G and H) lends weight to the suggestion of an affinity with constant across a wide range of differentiation. Furthermore, in the New Britain data set as a whole there Indian MORB. If the boundary between these two Davies & Price (1987) Sample: VOLUME 39 NUMBER 9 SEPTEMBER 1998 asthenospheric domains is centred approximately on PRIOR DEPLETIONS the western Pacific subduction zones (indeed, the two Models for HFSE depletion may share a causal relationship) then it is not entirely Depletion in the HFSE is considered a defining trait of unexpected that this should be the case, for northward subduction zone geochemistry. There are two issues at subduction beneath New Britain is a relatively recent stake here, however, which are frequently confused. The phenomenon. When subduction was occurring along first is an absolute depletion in HFSE in comparison the older (now inactive) Vitiaz-West Melanesian trench, with some reference datum, for example MORB, and the region of New Britain and the Manus Basin lay the other is an apparent depletion in HFSE relative to to the west of this subduction system, and thus other elements (e.g. LILE). The latter is reflected in the potentially the Indian-Pacific MORB boundary. Further high ratios of La/Nb, Ba/Zr, etc. which typify subduction Pb isotope studies of both the current western Pacific zone magmas, but is ultimately a response to combined arcs and remnant arcs are now required to further processes of both HFSE depletion and LILE enrichment. define the past and present extent of these important These definitions (i.e. absolute vs relative depletion) are asthenospheric domains.
retained and used in subsequent discussion. Two other features have gained particular attention
The critical question arises as to the origin of such in recent years, both relating to the relative fertility of depletions (sensu lato). At least three hypotheses are curthe mantle wedge. The first, which we do not consider rent: (1) HFSE depletion is a result of partitioning into important in the case of New Britain and hence shall HFSE-bearing phases which are residual to either denot discuss further, relates to the possible presence hydration-melting of the slab or melting of the wedge of highly enriched, ocean island basalt (OIB)-type (e.g. Ryerson & Watson, 1987) ; (2) such depletions result components in the wedge. The second is a longfrom mantle-melt or chromatographic-type interactions running debate as to whether the mantle wedge (and during magma ascent (e.g. Kelemen et al., 1993) ; (3) they hence arc melts) are more elementally depleted than result from depletion caused by prior melt extraction the source of normal MORB and, if so, why? This is events (e.g. Ewart & Hawkesworth, 1987) . considered below together with another, largely ignored,
The initial suggestion by Nicholls & Ringwood (1973) process-that of previous enrichment of the mantle wedge.
that residual phases such as ilmenite or rutile might bring about HFSE depletion has sparked years of debate as to at the levels commonly encountered in subduction-related rocks, and has led to some confusion over whether island whether such phases are indeed stable in the subduction zone environment (e.g. Green & Pearson, 1986) , and arc lavas are indeed elementally depleted relative to typical N-MORB. Woodhead et al. (1993) attempted to whether, if stable, they exhibit the necessary partitioning characteristics to retain HFSE preferentially. A lengthy circumvent these problems by utilizing ratios of the more easily measured HFSE (Ti, Zr, and V) to demonstrate review of these discourses is not necessary here-suffice it to say that the debate continues and the most recent that some arc magma sources were depleted relative to their associated back-arc basins. Now, however, with the contributions have come from Brenan et al. (1994 Brenan et al. ( , 1995 , who provide valuable new data, arguing that slab-derived advent of highly accurate low-level analysis by ICP-MS we can extend these studies to the type-HFSE Nb and fluids can be sufficiently depleted in HFSE to prevent enrichment of these elements in the mantle wedge but Ta. Figure 5 clearly demonstrates that the New Britain arc only in the presence of residual rutile in the slab. Thus hypotheses invoking residual phases in the subducting front lavas are among the most elementally depleted arc rocks yet measured, with Nb and Ta contents ranging oceanic crust certainly have considerable bearing on the issue of relative HFSE depletion. from 140 to 400 ppb and from 10 to 26 ppb, respectively, in primitive rocks from the volcanic front (zones E and Based upon this long-held assumption (that HFSE are not transported in aqueous slab-derived fluids), many F). For a detailed appraisal it is necessary to compare local MORB, such as might be found in an associated geochemists have turned to the HFSE in an attempt to see through the slab signature and investigate the nature back-arc, with the arc lavas concerned. Concentrations observed in the New Britain volcanic front are an order of the pre-subduction mantle wedge (i.e. absolute abundances). Unfortunately, the use of Nb, Ta and Hf has, of magnitude more depleted than MORB-type lavas of the Manus Basin (also shown) and even lower than until very recently, been limited by extreme analytical difficulties associated with their accurate measurement analyses from the island of Tafahi in the Tongan arc (e.g. , which are widely regarded as rutile is unlikely to be a residual phase in the arc source region during melting. Furthermore, as noted by Arculus being ultra-depleted in HFSE. Thus, even taking into account differences in fractionation behaviour between (1994), eruption temperatures approaching or in excess of 1200°C make melts in equilibrium with residual amback-arc basins (BAB) and arc lavas (e.g. late crystallization of clinopyroxene in the former) we can be phibole most unlikely.
The observation that melt-wall-rock interactions in the confident that the New Britain arc front lavas are indeed more elementally depleted than those of the Manus Basin upper mantle can produce HFSE depletion in derivative melts (e.g. Kelemen et al., 1993) is also not useful in this (and also typical N-MORB). It is also interesting to note from Fig. 5 that absolute depletion in the New Britain context, as these experiments use an already depleted mantle peridotite as a starting product, thus begging volcanic front is reflected in many different elements, not simply the HFSE-a feature of considerable importance the question of the ultimate origin of the depletion.
Furthermore, this modelling requires intimate interaction to later discussion.
Therefore, for the purposes of the current study, it is between parcels of melt and very much larger volumes of solid, a notion which conflicts with recent
226
Ra data possible to avoid some of the residual phase debate because, irrespective of whether HFSE are transported suggesting that, once melts form, they ascend extremely rapidly, possibly by channelled flow (e.g. Turner et al., from the subducting slab or not, the observation remains that arc lavas are often more depleted in HFSE than 1997).
In our opinion, the only hypothesis which appears their associated back-arc basin counterparts, not simply relative to LILE enrichments, but in absolute terms. It capable of matching the observational evidence appears to be that of melt extraction during previous melting is difficult to imagine how this phenomenon can have any direct relationship to fluids emanating from the slab. episodes. As a demonstration of the feasibility of such a model, we utilize the modelling of Pearce & Parkinson It is also important to stress in this context that arcs such as New Britain and Tonga form end members of a (1993) . In Fig. 6 we show data for samples from the New Britain arc front (zone E) and MORB-type basalts from spectrum of compositions, for, as pointed out by Thirlwall et al. (1994) , many subduction zones, such as the Lesser the Manus Basin, normalized to the Fertile MORB mantle (FMM) of Pearce & Parkinson, who considered Antilles, do not have compositions more elementally depleted than MORB. Of course, absolute HFSE de-the theoretical behaviour of mantle-derived trace elements during partial melting. The New Britain lavas pletion such as this could be a response to residual phases within the mantle wedge as suggested, for example, by combine aspects of their Type 6 and Type 7 patterns in which the very highly incompatible elements (Nb, Zr) Sweeney et al. (1992) and Ionov & Hofmann (1995) . However, experimental and observational evidence sug-have lower abundances than the highly incompatible elements (Ti, Y, Yb), which are in turn depleted relative gests that this is not the case. In terms of residual rutile, Ayers et al. (1997) provided partitioning data dem-to the moderately incompatible elements (Ca, Al, Ga, V, Sc). Such patterns are readily reproduced by large degrees onstrating an extremely high solubility of TiO 2 in spinel lherzolite at high temperatures and thus concluded that of melting (20-25%) of a source, itself residual from VOLUME 39 NUMBER 9 SEPTEMBER 1998 Pearce & Parkinson (1993) . In the arc front lavas very highly incompatible elements (Nb, Zr) have lower abundances than the highly incompatible elements (Ti, Y, Yb), which are in turn depleted relative to the moderately incompatible elements (Ca, Al, Ga, V, Sc). Such patterns are readily reproduced by melting of a source, itself residual from previous melt extraction episodes (a pattern is shown calculated for 25% melting of a source, residual from 5% previous melt extraction). It should be noted that basalts from the Manus spreading centre show only limited depletion in the VHI elements, indicating a more fertile source.
Fig. 6. Manus Basin MORB and New Britain volcanic front lavas normalized to the Fertile MORB mantle (FMM) of
previous melt extraction episodes (a pattern is shown in to the south becomes progressively less depleted, an observation made by Ewart & Hawkesworth (1987) . this figure calculated for 25% melting of a source which
The only one of the three current hypotheses which has experienced 5% prior depletion). It should be noted, can produce any obvious correlation between arc chemhowever, that basalts from the Manus spreading centre istry and the rate or occurrence of back-arc spreading show only limited depletion in the VHI (very highly seems to be that of prior source depletion by melt incompatible) elements, suggesting derivation from a extraction, probably taking place in the back-arc enmuch more fertile source.
vironment. Gast (1968) originally suggested that mantle regions could be 'chemically fractionated' by previous melting events, a hypothesis adopted for the subduction
Relationships to back-arc spreading
zone environment by Green (1973) . In studying the effect of elemental depletion in intraOur knowledge of BAB development has increased oceanic arc lavas, there does appear to be a link with considerably in recent years. Honza (1991) suggested, the occurrence of and/or rate of back-arc spreading. For from observations in the western Pacific, that BABs form example, arcs such as the Antilles, Aleutian and Sunda,~1 5 my after the initiation of an arc and tend to have which do not have well-developed back-arc spreading a 10 my or less duration, with gaps between one and zones, never appear to produce extremely HFSE depleted the following [via the 'arc splitting' notion of of Karig melts. At the other end of the spectrum is the volcanic (1971)] of up to 20 my. Furthermore, a detailed study by front area of New Britain (zones E and F), which we Rodkin & Rodkinov (1996) showed excellent correlations have demonstrated above has probably the most depleted between the rate of back-arc spreading and subduction compositions known, and is adjacent to the Manus velocity, confirming the model of slab-mantle interspreading centre, which has a fast spreading rate. There actions; i.e. that the BAB is essentially a passive pheare further correlations-in the Tongan arc the rate of nomenon. We would argue (as have previous workers, back-arc spreading decreases systematically from north to e.g. Ewart & Hawkesworth, 1987; Woodhead et al., 1993) south, as a result of the Lau spreading centre propagating that prior extraction of melts at the back-arc (where south. The island of Tafahi, in the north of the Tongan present) and subsequent entrainment of this depleted arc, contends with the Sulu Range of New Britain for mantle into the convective cycle, draws relatively rethe title of 'most depleted' arc volcano, with extreme fractory material into the zone of arc magma genesis.
Alternatively, source depletion via melt extraction may HFSE depletion, whereas the mantle source of lavas occur beneath the arc itself. In this instance, the empirical observation of greater depletion with extent of back-arc spreading may result from the fact that back-arc spreading rate correlates with subduction velocity (Rodkin & Rodkinov, 1996) 
Niobium and tantalum
In Fig. 7 we plot Nb/Ta ratio vs Nb content (filtered to exclude samples with >55% silica), for the New Britain and Manus Basin lavas. Much of the variation towards high Nb content is probably a result of the steady decrease compatible element contents of derivative magmas. This with low Nb abundance, suggesting fractionation of the Nb/Ta ratio aspect of New Britain magma genesis is considered further in highly depleted arc rocks (and one MORB sample). in a later section. However, two other points are of note. The first is that subchondritic Nb/Ta ratios (C1-and the zone of arc magma genesis are likely to be chondrite = 16·8 ± 3·1; Jochum et al., 1986) are only stronger during early rifting (e.g. Ribe, 1989 ) may go found in samples with low HFSE abundances. This some way to explaining why some early formed melts in observation is entirely in accord with the data and many arcs are so refractory and elementally depleted conclusions of Plank & White (1995) , but contrasts with (e.g. Crawford et al., 1989) . Interestingly, Hochstaedter those of Stolz et al. (1996) , who reported that depleted et al. (1996) invoked a similar process in Kamchatka, arc rocks have essentially chondritic Nb/Ta ratios, similar where isotopically homogeneous primitive basalts derive to MORB. However, we note that Stolz et al. (1996) from a progressively more depleted source material within analysed only two samples of low-K rocks from typical a single arc. Here, again, the most depleted volcanoes intra-oceanic arcs, with associated back-arc spreading are at the arc front but this time, instead of a zone centres. A recent, and much more comprehensive, survey of back-arc spreading, there are successive chains of has provided evidence that ultradepleted island arc basalts volcanoes behind the volcanic front. often possess sub-chondritic Nb/Ta ratios (Eggins et al., 1997) , in accord with our own observations from the New Britain volcanic front. It must now be considered unequivocal that the Nb/Ta ratio-long believed con-PALAEO-ENRICHMENTS stant-can be fractionated by melting processes within
The Melanesian arcs and marginal basins represent an the Earth's mantle [see also Green (1995) for further area of complex interaction between the major Indodiscussion of this issue]. Second, sample 23-2, from a Australian and Pacific lithospheric plates and several small off-axis seamount in the Manus Basin, also shows microplates. However, this complexity does provide some extremely low Nb/Ta ratio, in addition to very low Nb insight into processes which could have occurred in other, and Ta abundances. This is a clear indication that apparently more simple, subduction systems ( Johnson, ultradepleted sources are also present a short distance 1987). In particular, the whole area has experienced at away from the Manus spreading centre, which conleast one prior episode of subduction-related volcanism siderably strengthens the argument that source depletion since initial southwesterly subduction of the Pacific plate occurs as a result of back-arc melt extraction.
beneath the region began in Eocene-Oligocene times. This period of subduction was terminated abruptly in the lower Miocene, apparently coincident with the arrival Summary of the Ontong-Java Plateau-a vast area of anomalously thick oceanic crust (Coleman & Kroenke, 1981) -at the In summary, at New Britain, residual phases in the slab may certainly help to limit subsequent re-enrichment of Vitiaz-West Melanesian trench (see Fig. 1 ).
These rather unusual circumstances provide an op-HFSE from slab-derived contributions, but it is likely that they are simply acting on mantle which has already portunity to observe phenomena which may well affect the geochemistry of large domains of the sub-oceanic been 'processed' in the back-arc. Furthermore, the fact that links between the back-arc melt extraction regime mantle but, under normal circumstances, cannot be VOLUME ( Johnson et al., in preparation) . However, this mixing (i.e. mantle wedge and a slab component), in signature does not appear to have any causal relationship recent years there has been a growing realization that with the downgoing Woodlark Basin crust, for the sedmany other parameters require at least a three-comiment cover on this young ridge is negligible and, furponent mixing model (e.g. Elliot et al., 1997;  Hoogewerff thermore, at least two volcanoes (Simbo Island and Kana et al., 1997) . This requirement is exemplified by Fig. 8 , Keoki seamount) occur on the southwest side of the in which data are plotted for a number of intra-oceanic subduction zone, i.e. on the subducting oceanic plate! arc systems. A requirement of this and related diagrams Subduction-related signatures have also been noted in the (the y-axis could equally well be La/Yb and the x-axis basalts of the Woodlark spreading centre itself ( Johnson et Ba/La, for example) is that the processes responsible for al Perfit et al., 1987) , adjacent to the New Georgia generating high Th are not the same as those producing Group, with a marked zonation away from the old Vitiaz Sr (or Ba) enrichment. In some arcs such as the Bandatrench. One implication of these observations is that Antilles and Tonga-New Britain one or other of these subduction-influenced isotope and trace element sigtwo processes appears dominant, and yet in others such as natures may be stored in the sub-oceanic mantle for long the Marianas-Kermadecs both seem to play an important periods (8 my or more in this case) and subsequently role. We return to possible reasons for this later, but this tapped.
continuum of compositions provides one explanation The question then arises-could such palaeofor why some workers invoke two-and others threeenrichments contribute to the geochemical fingerprint of component mixing models to account for their data. the Bismarck-Manus region? Lavas erupted at Rabaul
There is still a degree of debate as to the origin of the caldera (Fig. 1) are certainly more radiogenic in terms vertical array in Fig. 8 , which has been variously ascribed of Sr and Pb than those of volcanoes further to the west to bulk assimilation (e.g. Davidson, 1987) or melting of [see Sinton et al. (in preparation) for Manus Sr data, and subducted sediment (e.g. Elliot et al., 1997) but there is Johnson et al. (1995) for Rabaul Sr data]. In a very widespread recognition that the horizontal array probably general sense, a similar situation also prevails in the results from the influence of a slab-derived hydrous fluid. Manus Basin. Lavas of arc-like chemistry are found This conclusion stems primarily from the nature of the predominantly in the 'Eastern rifts' area, closest to the fractionations observed, such as Sr from Nd and U from old trench; these also possess the unusually radiogenic Th, resulting in strong 238 U-
230
Th disequilibria associated Sr isotope compositions noted at Rabaul. Furthermore, with this process. For the purposes of the present study melts produced at the Manus spreading centre, further it is merely necessary to note that the chemistry of lavas away from the older trench, are predominantly MORBfrom New Britain, although showing some 'bulk sediment' like and have less radiogenic signatures, both in terms effects, appear (at least from the above considerations) of Pb and Sr. It is possible that these features reflect a to be primarily controlled by the slab-derived fluid comsimilar process to the trends observed in the Woodlark ponent and, as such, form an 'end member' in the Basin-New Georgia region, i.e. an isotopic zonation spectrum of subduction-related compositions. This, related to the pre-Miocene subduction episode; this hypocoupled with the highly depleted nature of the mantle thesis remains to be tested. If these tentative suggestions wedge beneath the New Britain volcanic front, makes prove viable, however, the implications are clear-that the area an ideal laboratory for the investigation of this geochemical signatures produced as a result of subduction particular component, its composition and its influence. zone magmatism may persist in the mantle for large Figure 9 shows some of the trace element characteristics periods of time, and furthermore that these 'enriched' of New Britain arc front lavas, in comparison with mantle domains may be subsequently remobilized in later both basalt and sediment from the Solomon Sea floor. magmatic episodes. The possibility that such processes Although there is still uncertainty as to how representative may contribute to the chemistry of arc lavas in other these samples are of the subducting slab assemblage, it regions with a long and complex tectonic history (e.g. appears that many of the gross geochemical features of the western Pacific) adds a further dimension to the the New Britain mantle wedge beneath the volcanic front considerable challenge presented by the study of such rocks.
mimic those in the Solomon sediment component, e.g. pronounced enrichment in Pb, Ba, etc. However, there partitioning. There are some significant differences beare marked discrepancies such as the elevated Sr/Nd tween the data obtained in these studies, but here we and U/Th ratios in the arc lavas, together with the lack wish to highlight the results of Keppler (1996) , as they of any negative Ti anomaly. These features, we would go some way to incorporating the effects of complexing argue, are almost certainly a product of fluid-mediated in Cl-rich brines, which are almost certainly involved at transport of material from the subducting slab. High Sr/ some stage in magma genesis, given the extremely high Nd and U/Th result from the preferential transport of Cl contents of many arc lavas. In Fig. 9 it is clear that Sr and U in slab-derived fluids, and the lack of inheritance many key aspects of the characteristic trace element of the sedimentary Ti anomaly simply reflects the fact patterns observed in samples from the New Britain volthat most of the elements represented by the values canic front can be accounted for by element transport plotted in the right-hand part of Fig. 9 are not transported in Cl-rich brines, in particular the requisite U-Th and in any quantity in such fluids. As an aside, the observation Sr-Nd relationships. Further, as also noted by other that the sedimentary Ti signature is not observed in the experimental workers (e.g. Tatsumi et al., 1986 ; Brenan arc lavas provides one more line of evidence that a Ti-et al., 1995) , the HFSE do not appear to be partitioned bearing residual phase in the slab was not important in into the fluid phase, allowing for the development of the genesis of these lavas, as any such anomaly should high LILE/HFSE ratios in derivative lavas. be enhanced by the presence of such a phase. Until very recently, fluid-solid partitioning data obtained for subduction zone conditions have been very Europium and cerium anomalies and redox rare. It has been observed that the behaviour of elements conditions within the subduction zone environment (especially where
The lavas of New Britain reveal another unusual feature fluid involvement is suspected) is approximately acof highly depleted volcanic front rocks-namely positive commodated by simple considerations of ionic radius Eu anomalies. These are also observed in primitive, and (e.g. Hawkesworth et al., 1993) or ionic potential (or 'field generally depleted, arc rocks from the South Sandwich strength' = charge/ionic radius ratio; e.g. Woodhead, Islands (Hawkesworth et al., 1977; Pearce et al., 1995 Pearce et al., ) 1989 . Now, however, appropriate experimental data are and Tafahi in Tonga (Ewart et al., 1994) , together with beginning to emerge. Brenan et al. (1995) and Ayers et Poyo seamount in the Marianas (Lin & Stern, 1989 have both provided mineral-fluid partitioning (Fig. 10) . The feature seems to be both commonplace data for 900°C and 2·0 GPa, and Keppler (1996) investigated the effect of a Cl-rich brine on fluid-melt and furthermore to be independent of the analytical VOLUME 39 NUMBER 9 SEPTEMBER 1998 technique used (these studies encompass spark source unlikely to be related to prior mantle melting in the backarc (see above) under conditions of plagioclase stability: mass spectrometry, ICP-MS and isotope dilution mass spectrometry techniques), but is seen only in primitive primitive BAB lavas generally have no net Eu anomaly and hence residues of melting are unlikely to possess samples, as the effect tends to be obscured by plagioclase fractionation in more evolved material. Vukadinovic positive ones.
The interpretation forwarded here is that elevated Eu (1993) observed a global correlation between Eu anomaly (both positive and negative) and Sr content relative to concentrations are related to properties of the subduction fluid itself. It is notable that the Eu 2+ ion is almost the LREE, and interpreted this in terms of plagioclase accumulation and resorption in ponded magma cham-identical in size to those of Sr 2+ and Pb 2+ (ionic radii, in six-fold coordination, 1·17, 1·18, and 1·19 Å , rebers. Indeed, plagioclase accumulation would seem to be a reasonable interpretation and one which has been spectively). As Sr and Pb are well known to be enriched in slab-derived fluids, the same processes (be they simple advocated by many previous workers (e.g. Woodhead, 1989; Pearce et al., 1995) . In detail, however, it does not fluid partitioning, complexing behaviour, etc.) may well be responsible for transporting Eu in its divalent state. appear that rocks bearing positive Eu anomalies have either excessive plagioclase phenocrysts, or indeed high This coincidence of ionic size also provides a ready explanation for the correlation observed by Vukadinovic alumina contents (reflecting resorbed plagioclase). This is certainly true of the New Britain arc front lavas, which (1993) between Eu/Eu * and Sr/Sr * , the latter being a representation of the size of the 'Sr spike' in arc rocks show no correlations between Eu anomaly and modal plagioclase; inset, Fig. 10 ). There is a correlation between compared with the LREE; his model involving plagioclase accumulation therefore proves unnecessary. Eu anomaly and Al 2 O 3 , but only in differentiated samples influenced by protracted fractional crystallization. It is Such an explanation initially suggests a redox condition in the fluid perhaps somewhat more reducing than might becoming clear, however, that the occurrence of positive Eu anomalies is associated with highly depleted rocks of be expected (so that significant Eu may be present as Eu
2+
) but, given the large quantitites of carbonaceous the so-called 'Island Arc Tholeiite' series. The anomalies cannot be related to any subducted sediment signature, matter within the bulk subducting assemblage, this may not be unrealistic; for example, Blundy et al. (1991) have which would be opposite in sense. Furthermore, they are demonstrated that the f O 2 of the Earth's mantle is strongly a mantle source similar to the one which produced the Manus lavas (~0·1 × observed Manus MORB abundbuffered by C-O fluids in equilibrium with elemental carbon. Data on Eu redox in aqueous fluids at the ances of LREE) reveal that negative Ce anomalies are rapidly generated by bulk addition of sediment. Only magmatic temperatures and pressures relevant to arc settings are extremely rare. However, theoretical con-0·25% addition of sediment is required to produce the ubiquitous~0·93 Ce anomaly observed throughout New siderations demonstrate that the Eu 3+ /Eu 2+ redox potential is strongly dependent upon temperature (e.g. Britain (see Fig. 16, below) . Such a small proportion of sediment is perfectly consistent with observed isotope Sverjensky, 1984; Bau, 1991) and, at temperatures above 300°C, divalent Eu predominates, even in environments systematics (see below). Given the extreme sensitivity of the mantle source to production of negative Ce anomalies with f O 2 above the haematite-magnetite buffer. As Eu 2+ is larger than the trivalent LREE, it will enter the lattice by addition of sediment, the development or absence of such is probably primarily a function of the presence or sites of Mg 2+ and Fe 2+ minerals less easily than the other REE and thus become concentrated along grain absence of such anomalies in the subducting sediment pile, a feature which is known to have considerable boundaries. Thus, as noted by Bau & Knittel (1993) , if REE mobility accompanies high-temperature fluid-rock geographic variation (e.g. Toyoda et al., 1990) . Noll et al. (1996) , on the basis of studies of siderophileinteraction or fluid generation, the fluid itself would be expected to possess a positive Eu anomaly, and indeed chalcophile element abundances, have also proposed that high-temperature hydrothermal fluids emanating from hydrothermal solutions sampled along the East Pacific Rise exhibit large positive Eu anomalies (Michard et al., the slab are likely to be acidic, H 2 S-rich and hence reducing. To account for the uranium enrichment ob-1983). This suggestion (that positive Eu/Eu * is a fluidrelated phenomenon) is reinforced in the New Britain served in arcs, however, they proposed that fluids expelled during initial subduction may be oxidizing (to mobilize sample suite by the fact that Eu anomalies correlate with distance from the trench axis and many other uranium as U 6+ ) but then gradually change with depth to more reducing character. Unfortunately, this hypothesis geochemical parameters which are generally regarded to be fluid related (Fig. 11) . Interestingly, however, Eu/Eu * conflicts with the marked 238 
U/ 230
Th disequilibrium observed in many low-K arc suites, which require extremely does not appear to correlate with Ce/Ce * . Consequently, the occurrence of Ce-anomalous arc lavas is unlikely to short residence times (30-120 ky) for hydrous fluids in the mantle wedge (e.g. Hawkesworth et al., 1997) , be related to redox conditions in the slab fluid (e.g. White & Patchett, 1984) but, alternatively may form an index precluding development of 238 U disequilibria during early dehydration at shallow levels. of sediment involvement (e.g. Hole et al., 1984) . Despite the evidence presented here for dominance of a fluid
The ultimate solution to this paradox may lie in element complexing, which can have a profound influence on effect, calculations involving Solomon plate sediment and VOLUME 39 NUMBER 9 SEPTEMBER 1998 many low-K series lavas must be sufficiently oxidizing or complexing to transport at least some uranium as U
6+
and yet not so oxidizing as to preclude transport of Eu as Eu 2+ .
Subducted sediments vs slab basalt involvement
In terms of the source of the slab-derived fluid, or at least the elements it carries, Morris et al. (1990) argued from B/Be ratios that in the New Britain arc it was probably dominated by a contribution from the subducting oceanic crust with minor sediment involvement (inset, Fig. 12 ). Our Pb-isotope data reinforce this suggestion, as the 'slab end member' in Fig. 12 appears to be midway between Solomon Sea sediment and basalt (labelled 'A' and 'B' in this figure) . Simple mixing calculations, using the Pb concentration data in Table 2 , reveal that between 86 and 98% of the slab 'signature' is sourced from Solomon Sea basalt, depending upon which Pb-isotope ratio is used. The variation between these figures is simply an indication that the basalts and sediment, as sampled, do not appear to be entirely appropriate mixing end-members. Nevertheless, with this caveat in mind, this result is still in stark contrast to many other arcs where dominance of the sediment endmember is the norm [e.g. see compilation by Woodhead (1989) ]. This may be a feature of low-K arc rocks in which a fluid signature is strong and possibly derived largely from dehydrating oceanic crust. Sr and Nd isotopes provide further evidence for the dominant basalt role. In Fig. 13 we show profiles across the New Britain arc into the Manus Basin (Solomon Sea sediment-basalt and Manus MORB are plotted arbitrarily at distances from the trench of zero and 350 km, respectively). Sr and Nd isotope ratios in the Fig. 11 . Correlations between Eu anomaly, defined as Eu/ arc lavas are inconsistent with any large-scale sediment
, where Eu, Sm and Gd are values normalized to the involvement (which would push values to more radiogenic chondrite data of Taylor & McClennan (1985) and trench distance in addition to a number of parameters thought to be influenced by the compositions) and, once more, appear to be largely basalt slab-derived fluid phase. These correlations lend strong support to the derived. As a consequence, the isotopic signature of the suggestion that positive Eu anomalies are not a product of plagioclase slab is actually coincident with that of local MORB and accumulation but an inherent characteristic of the subduction fluid.
thus, in such cases, Sr and Nd isotopes will be insensitive to slab-derived additions to the mantle wedge, despite the distinctive trace element signature (compare Fig. 13 partitioning behaviour. For example, the presence of with Fig. 17) . Only in the case of Pb can we see the carbonate vastly increases the solubility of uranium (IV) gradual waning in the influence of the slab signal in in alkaline solutions, because of the formation of di-and tri-carbonate complexes. Furthermore, uranium fluoride passing across the arc. This is an observation of great significance, given that a number of workers have pointed and phosphate species are also highly soluble (Bailey & Ragnarsdottir, 1994) . Unfortunately, at present, out the conflicting estimates of the slab-derived flux obtained from isotope vs trace element data (e.g. Hawkeexperimental data on the complexing capabilities of siderophile-chalcophile elements in high tem-sworth et al., 1993) . The conclusion that the 'slab signature' observed in the trace element data may be a perature-pressure hydrothermal fluids are rare. Thus, until relevant experimental data become available, we product of partitioning behaviour into Cl-rich brines suggests that it is actually independent of the source of can only conclude that the fluid phase observed in Fig. 12 . Pb isotope data for New Britain lavas (Χ), Manus MORB (Β), and Solomon plate sediment (Ε) and basalts (Φ). The New Britain arc front lavas can be modelled in terms of a mixed slab component (A and B). This 'slab component' is then diluted by mixing with a Manus MORB component (C), the influence of which increases in passing away from the volcanic front, presumably as a response to a waning slab flux. The relatively large proportion of Pb apparently derived from the subducting slab (as opposed to sediment) implied by these data should be noted. Inset shows a corresponding diagram from the study of Morris et al. (1990) . (See text for further discussion.) the trace elements (basalt vs sediment). Consequently, above), but also that subducted sediment signatures have much longer transfer-residence times of a few million unless a precise isotopic composition can be identified for the bulk slab-derived component, conflicting estimates years, with the obvious corollary that the two processes are temporally distinct (e.g. Elliot et al., 1997) . Clearly, of the slab flux may well result from trace element and isotope studies. These contradictions do not necessarily many existing (e.g. Tatsumi, 1989) and any new models for arc magma genesis need to be evaluated in the light require scavenging of Sr (for example) from the mantle wedge, nor are they a result of 'decoupling', but more a of these valuable new observations.
Hawkesworth et al. (1993) observed that the distinctive simple reflection of the process of mass transfer-at least in the 'fluid dominated' low-K arc suites.
high LILE/HFSE ratios are best developed in the more depleted arc rocks, and concluded that this was a response In this context we would like to emphasize the importance of the U-Th isotope data now emerging, which to a broadly similar fluid flux in most arc settings superimposed upon mantle wedges of variably depleted charprovide very powerful constraints on the role of hydrous fluids and melts in arc magma genesis. These data imply acter. Certainly, when viewed on a global scale, arcs display many systematic (and even predictable) features: not only that fluid residence times are short (as noted VOLUME 39 NUMBER 9 SEPTEMBER 1998 arcs such as Tonga and New Britain have extremely high LILE/HFSE and LILE/REE ratios, often show large 238 U excesses, and in terms of elemental abundances appear to derive from highly depleted mantle sources. At the other end of the compositional spectrum, arcs such as Sunda, Banda, and to some extent the Lesser Antilles, have less pronounced LILE/HFSE and LILE/ REE ratios, and appear to derive from mantle sources comparable with MORB. 238 U excess is sometimes developed, sometimes not. Between these extremes, we see many other arcs such as the Marianas, South Sandwich and Kermadecs, which show intermediate characteristics.
These variations are visible in trace element abundance data (Fig. 14) as a spectrum of compositions between what might be considered a fluid signature, with high Sr/Nd, and U/Th (New Britain), through intermediate values (Marianas) to what might be considered more of a sediment signature, with much lower Sr/Nd and extremely low U/Th (Sunda). One further observation is that this variation to some extent parallels the 'strain classification' of Jarrard (1986) or, perhaps more rigorously, absolute convergence rate (i.e. convergence plus back-arc spreading rate). Arcs such as New Britain and Tonga are characterized by rapid convergence and concurrent rapid back-arc spreading rates, whereas arcs such as the Lesser Antilles, Sunda, and Banda have slower rates of convergence (Fig. 8) and either possess poorly developed back-arc systems or lack spreading altogether. The South Sandwich, Kermadec and Mariana arcs are should in some way control the chemistry of resultant arc lavas. The rate of subduction must mediate the rate Woodhead, unpublished data, 1995) , and Sunda (Basaltic Volcanism Study Project, 1981) arcs compared with a typical pelagic sediment. The gradual changes in HFSE depletion, with concomitant changes in U/Th and Sr/Nd ratio, should be noted. These changes are likely to be a response to a gradual change in the influence of slab-derived fluids vs bulk sediment or sediment melt involvement in arc magma genesis.
ACROSS-ARC TRENDS-THE GEOCHEMICAL ARCHITECTURE OF A SUBDUCTION ZONE
The most remarkable feature of the New Britain arc lies in its almost complete record of across-arc volcanism, which provides considerable insight into the nature of the subduction process. Woodhead & Johnson (1993) considered across-arc variations in chemistry in some detail using available data. We can now reinforce these observations with a new and far more complete trace element database obtained by ICP-MS techniques.
The systematic increase in HFSE concentrations in passing across the New Britain arc has been noted above, a feature thought to reflect a steady decrease in the degree of partial melting above the subducting slab at depth (Woodhead & Johnson, 1993) . Figure 15 illustrates this phenomenon using both HFSE and other incompatible elements (filtered to exclude samples with >55% silica). Both arc front and back-arc lavas show similar contents of most elements but with a tendency for arc front lavas to exhibit lower levels of HFSE. In contrast, however, there is a progressive increase in incompatible element content in passing towards the rear-arc volcanoes of zones G and H. The fact that such changes involve incompatible elements other than the HFSE precludes any explanation in terms of gradual breakdown of a residual HFSE-bearing phase with depth (e.g. Ringwood, 1990) . Furthermore, systematic changes are also seen in REE patterns in passing across the arc (Fig. 16 ). For example, samples from zone G are markedly LREE enriched compared with the flat LREE-depleted patterns of zone F samples. Gradual decreases in the degree of partial melting with depth have been invoked to explain across-arc variation in other arc systems (e.g. Tatsumi et al., 1991) and this is an interpretation which we endorse here. northwards, chemical gradations, beyond those which could be expected from a simple partial melting control. As has been observed in many arc settings, the New of addition of slab-derived components to the mantle Britain arc front lavas have very high ratios of Ba/La wedge but it presumably also influences the temperature and Sr/Nd, and low Ce/Pb, Th/U, etc. The Ba/La of the slab and hence the likelihood of fluid vs melt and Sr/Nd ratios, in particular, which are clearly generation. Furthermore, both the rate of fluid addition unlike those of any basaltic or sedimentary source and the rate of wedge convection are potential controls (subducting sediments and basalts from the Solomon on the degree of melting of the wedge beneath both the Sea are shown as open circles and filled squares, arc and any associated back-arc zone (see Stolper & respectively) , strongly suggest fluid-mediated transport Newman, 1994), and may therefore influence the degree of these elements as discussed above. The gradual of depletion observed in the mantle wedge. The rachange in these ratios is considered to represent the mifications of these observations are the subject of further investigation.
waning influence of a slab-derived fluid on the mantle Fig. 16 . Changes in REE abundance patterns (chondrite-normalized, Taylor & McClennan, 1985) in passing across the New Britain arc. It should be noted that the y-axis is not linear but designed solely to display the data to best effect. These plots reinforce the conclusions of Fig. 15 , and also show the ubiquitous negative Ce anomalies of New Britain lavas, together with positive Eu anomalies in volcanic front samples.
wedge. These data suggest that slab-derived components (3) Features of the chemistry of the Rabaul and Manus continue to influence the chemistry of magmas up to Basin lavas (e.g. Sr and Pb isotopes) may be related tõ 275 km from the trench axis, corresponding to depths palaeo-enrichment events relating to subduction along to the Wadati-Benioff zone in the region of~500 km. the now-inactive Vitiaz-West Melanesian trench. This Thus, although rear-arc magmatism is not the norm, situation may be analogous to that seen in the New and there is isotopic evidence that many slab-derived Georgia Group (Solomon arc) and Woodlark Basin fluids are rapidly removed from the mantle wedge (e.g. spreading centre to the southeast. , there are clear indications in the (4) Ultradepleted volcanic front rocks from many locNew Britain data that large volumes of the mantle ations world-wide display features suggestive of a strong wedge may be 'polluted' to some extent by slab-derived fluid signature, including high Sr/Nd and U/Th, and fluids or melts. In this light, it is perhaps not surprising positive Eu anomalies; the latter results from close parthat slab-derived volatiles (and LILE) are often observed allels in geochemical behaviour between Eu 2+ with Sr 2+ in back-arc magmas (e.g. Stolper & Newman, 1994) . and Pb
2+
. Negative Ce anomalies can be produced by only very minor sediment involvement.
(5) Across-arc geochemical trends within the arc reflect a complex interplay between a waning fluid flux and CONCLUSIONS lower degree of partial melting in passing from the (1) Volcanic rocks from the New Britain sector of the arc front towards the back-arc, overprinting a depleted Bismarck volcanic arc provide the most complete record mantle wedge composition. of across-arc geochemical variation, in addition to some (6) The 'slab signature' can be attributed largely to of the most elementally depleted low-K arc rocks known.
fluid-solid partitioning behaviour, irrespective of subtle (2) The mantle source beneath both the arc and backvariations in the slab composition. This conclusion may arc appears to have affinities with Indian Ocean type help to explain the discrepancy between estimates of MORB, but the former has experienced an episode of prior melt extraction.
the slab flux derived from isotope and trace element 
